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The mature flavivirus capsid protein (virion C) is commonly thought to be free in the cytoplasm of infected cells and
to form a nucleocapsid-like complex with genomic RNA in mature virus particles. There is little sequence conservation
among flavivirus virion C proteins, but they are similar in size (e.g., 99 amino acids [aa] for the dengue-4 [DEN4] C)
and in bearing a net positive charge. In addition, we noted that C contained a conserved internal hydrophobic segment
(spanning aa 45 – 65 in the DEN4 C). Results of in vivo expression and in vitro translation of wt and mutant forms of
the DEN4 virion C demonstrated that the conserved internal hydrophobic segment in the DEN C functioned as a
membrane anchor domain. Signal peptide function of this segment was also suggested by its requirement for the entry
of C into membranes. Virion C was integrated in membranes in a ‘‘hairpin’’ conformation; positively charged segments
amino- and carboxy-terminal to the hydrophobic signal-anchor segment were accessible to protease digestion in the
‘‘cytoplasm.’’ The net positive charge in the amino-terminal extramembraneous portion of C (aa 1 – 44) was one determi-
nant of the hairpin membrane orientation; a conserved positively charged residue within the hydrophobic segment (Arg-
54 in the DEN4 C) was not. q 1997 Academic Press
INTRODUCTION Heijne, 1988; Walter and Lingappa, 1986). The viral prote-
ase NS2B/3 (Chambers et al., 1991; Falgout et al., 1991)
The four serotypes of dengue (DEN) viruses are mem-
cleaves the polyprotein at specific dibasic sites, usually
bers of the family Flaviviridae, genus flavivirus. Flavivi-
Lys-Arg or Arg-Arg followed by an amino acid with a
ruses appear to share a common replication strategy
short side chain (Speight et al., 1988).(reviewed in Chambers et al., 1990). The approximately
In the processing of the polyprotein to produce the10.5-kb flavivirus genomic positive-sense single-
viral structural proteins, the C–prM junction must bestranded RNA contains a single long ORF. This ORF en-
cleaved by both signalase and NS2B/3 to produce maturecodes a polyprotein which is cleaved co- and posttrans-
C (virion C or CVIR) and prM. Cleavage by signalase oc-lationally by cellular proteases and a viral protease to
curs at a consensus site (von Heijne, 1986) at the car-produce three viral structural proteins from the amino-
boxy-terminus of the prM signal peptide, a 14-amino-acidterminus of the polyprotein (in the order capsid [C], pre-
hydrophobic segment (in the DEN4 polyprotein [Zhao etmembrane [prM], envelope [E]). Seven nonstructural (NS)
al., 1986]) situated between the carboxy-terminus of vi-proteins are derived from carboxy-terminal sequences of
rion C and the amino-terminus of processed prM. There-the polyprotein (in the order NS1–NS2A–NS2B–NS3 –
fore, cleavage of the C–prM junction by signalase leavesNS4A–NS4B–NS5). Cellular proteases implicated in the
the prM signal peptide covalently linked to the carboxy-processing of the polyprotein include the ER intralumenal
terminus of the C sequence. This form of partially pro-enzyme signal peptidase or signalase (Markoff, 1989;
cessed C has been referred to as ‘‘anchC’’ (Nowak et al.,Markoff et al., 1994; Ruiz-Linares et al., 1989) and a furin-
1989) or ‘‘CINT’’ (Yamshchikov and Compans, 1994), sincelike protease activity located in acidic post-Golgi vesicles
it is potentially anchored in the ER membrane through thewhich cleaves prM (Randolph et al., 1990; Stadler et al.,
interaction of the prM signal peptide with that organelle.1995). Signalase cleavage sites typically occur in the
NS2B/3 cleaves the prM signal peptide from C at a char-context of hydrophobic signal peptide or leader se-
acteristic dibasic site defining the carboxy-terminus ofquences that also target segments of the flavivirus poly-
virion C (Nowak et al., 1989; Yamshchikov and Compans,protein for translocation into the ER (Muller, 1992; von
1994). Controversy exists as to the temporal order of the
C–prM cleavage events (Amberg et al., 1994; Yamshchi-
1 To whom correspondence and reprint requests should be ad- kov and Compans, 1995).
dressed.
Unlike anchC, virion C has been commonly considered2 Current address: Microbiological Associates, 9900 Blackwell Road,
Rockville, MD 20850. to be free in the cytoplasm of infected cells, although a
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ences, Arlington Heights, IL) and DEN4 cDNA nt 88–999
(pTZ-Sal DNA [Markoff, 1989]) was used as a polymerase
chain reaction (PCR) template to specifically amplify se-
quences encoding virion C (DEN4 nt 102–398). The 5*-
primer for C nt sequences contained an NcoI-compatible
BspHI site (T/CATGA) near its 5*-terminus such that ATG
within the BspHI recognition sequence served as the
start codon for C. The 3*-primer for C nt sequences was
designed such that either an XhoI site alone or two stop
codons followed by an XhoI site were appended to the
3*-terminus of the C nt sequence. All PCRs were con-
ducted in a Perkin–Elmer–Cetus DNA thermal cycler
using commercially available reagents. After digestion
with BspHI and XhoI, the PCR products were cloned into
NcoI/XhoI-cut pTM-1 DNA (Moss et al., 1990) using stan-
FIG. 1. Sequences of internal hydrophobic domains in the virion dard methods. The nt sequences of the amplified por-
capsid proteins of some mosquito- and tick-borne flaviviruses are indi- tions of wt and mutant C in recombinant DNAs were
cated, using the single-letter amino acid code. DEN1–4, dengue virus, confirmed by dideoxynucleotide sequencing using
serotypes 1–4 (Mason et al., 1987; Deubel et al., 1986; Osatomi et al.,
Sequenase Version 2.0 (Amersham Life Sciences) ac-1988; Zhao et al., 1986). JE, Japanese encephalitis virus (Sumiyoshi et
cording to the manufacturer’s instructions.al., 1987). WN, West Nile virus (Castle et al., 1985). MVE, Murray Valley
encephalitis virus (Dalgarno et al., 1986). SLE, St. Louis encephalitis
virus (Trent et al., 1987). YF, yellow fever virus (Rice et al., 1985). LAN, Generation of mutations in capsid cDNA
Langat virus (Mandl et al., 1991). POW, Powassan virus (Mandl et al.,
1993). TBE, tick-borne encephalitis virus (Mandl et al., 1988). For the
The 21-amino-acid hydrophobic domain in the DEN4mosquito-borne viruses, except YF (DEN1–4, JE, WN, MVE, and SLE),
C sequence spans aa 45–65 and is encoded by nt 234the Arg or Lys residue that interrupts the hydrophobic segment is
shown in large type. For YF, the Leu residue in the analogous position through 296 (Zhao et al., 1986). To create mutations in
is underlined. For the tick-borne viruses (LAN, POW, and TBE), a con- this region, we took advantage of a unique NheI restric-
served His residue is aligned with the conserved Arg or Lys in the tion endonuclease recognition sequence (G/CTAGC) in
mosquito-borne viruses. The right-hand column indicates the amino
the DEN4 C nt sequence, which permits cleavage afteracids spanned by the denoted hydrophobic segment, counting from
nt 239. PCR was performed to generate two fragmentsthe presumptive amino-terminal Met in the respective flavivirus polypro-
teins. that span the full C sequence, one extending from the
5*-terminal BspHI site to the unique NheI site, and a
second extending from the NheI site to the 3*-terminal
few studies have previously suggested but not rigorously XhoI site (see above). Mutations were introduced up- or
shown that it was associated with membranes (Ruiz- downstream from the NheI site using appropriate PCR
Linares et al., 1989; Yamshchikov and Compans, 1994). primers, each of which contained the NheI recognition
We had also noted the apparent membrane association sequence near its 5*-terminus. PCR products extending
of virion C in analyzing the results of both in vitro and in from the BspHI site to the NheI site and from the NheI
vivo experiments (L. Markoff and C. Winter, unpublished site to the XhoI site were digested with NheI and ligated
data). We report here evidence confirming that virion C to produce full-length wt and mutant C sequences. In
of dengue viruses, and probably that of other flaviviruses, this procedure, stop codons were also appended to the
is not free in the cytoplasm but is integrated into the ER 3*-terminus of sequences encoding C. The ligation prod-
membrane. We show evidence that membrane integra- ucts were then digested with BspHI and XhoI and ligated
tion of C is mediated by an internal hydrophobic domain to NcoI/XhoI-cut pTM-1 vector DNA, as above, to gener-
(amino acid [aa] 45 through 65 of the 99-aa DEN4 C) that ate pTM/wtC and pTM/mutant C recombinant DNAs (see
is structurally conserved among all available flavivirus Fig. 2).
sequences (Fig. 1). Mutations of the hydrophobic domain in C were also
introduced into a previously derived mutant form of the
MATERIALS AND METHODS pTZ/Sal DNA construct, subss (Markoff, 1989), by an
analogous strategy using the NheI site in C and the up-Cloning of the wt C nucleotide (nt) sequence into the
stream KpnI and downstream SalI sites that flank theplasmid vector, pTM-1
DEN4 cDNA insert in the pTZ/subss cDNA. The DEN4
cDNA in pTZ/subss encoded C, the prM signal peptideThe genome of DEN4 virus, strain 814669, had been
previously cloned and sequenced (Zhao et al., 1986; containing a substitution mutation that abrogated its
function, prM, and the amino-terminal 23 aa of E.Mackow et al., 1987). Recombinant DNA containing the
bacterial plasmid vector pTZ-18U (Amersham Life Sci- The Met-14/Gly substitution mutant and substitution
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the 1706 and 1710 mutant cDNAs as template for PCR,
generating mutants 0675 and 1075, respectively.
In vivo expression of wt C and mutant dH from pTM-1
recombinant DNAs
Semiconfluent monolayers of LLC-MK2 (monkey kid-
ney) cells in six-well tissue culture plates were infected
with the recombinant vaccinia virus, vTF7-3, which ex-
presses the T7 RNA polymerase (Moss et al., 1990), at
an m.o.i. of 10. After 1 hr of incubation, infected cells
were transfected with pTM-1 vector DNA or pTM/wtC
recombinant DNA or pTM/mutant dH recombinant DNA
for 1 hr in the presence of lipofectin (Life Technologies,
Bethesda, MD). Cells were starved for methionine for 1
hr and then incubated for 3 hr in the presence of [35S]-
methionine at a concentration of 15 mCi/ml (sp act
1000 Ci/mmol; Amersham). After labeling, cells were
scraped from wells in ice-cold PBS, and all subsequent
steps were conducted at 47. Cells were pelleted at low
speed and resuspended in reticulocyte standard buffer
FIG. 2. Mutations created to study function of the conserved hy- (10 mM NaCl, 10 mM Tris, pH 7.8). After 15 min, cells in
drophobic domain (aa 45–65) in the DEN4 virion C sequence (Zhao et suspension were subjected to 30 strokes in a tight-fitting
al., 1986) are depicted. Horizontal lines represent DEN4 virion C aa
Dounce homogenizer, and lysis of plasma membranessequences 1–44 and 66–99. The wt hydrophobic domain aa sequence
was confirmed by light microscopic examination. Theis depicted on the top line, using the single-letter aa code. Conserved
Arg-54 is underlined. The sequence of the mutant dH is depicted in nonionic detergent, Tween 20, was added to 0.05%, and
the second line. The dH mutant sustained an 18-aa deletion within the nuclei were removed by centrifugation of the cell lysates
wt conserved hydrophobic segment (aa 45–65), retaining only Arg-54, for 5 min at 2500 rpm. The postnuclear supernatants
Pro-59, and Pro-60, as indicated. Thus the dH mutant protein was 81
were centrifuged at 90,000 g for 1 hr. The resulting super-aa in total length. The sequence of the sH mutant hydrophobic segment
natants were saved as the soluble fraction of the cyto-is depicted in the third line. Sites of substitution of hydrophobic amino
acids by charged Lys or Arg residues are indicated by vertical arrows. plasm. NaCl and SDS were added to the soluble fractions
The sequence of the 3-CON mutant is depicted in the fourth line. Lys- to 150 mM and 0.1% final concentrations, respectively,
66, the downstream boundary of the hydrophobic segment, is depicted prior to immune precipitation (RIP). Pellets were dis-
in lowercase. The downstream location of the 12-aa deletion (aa 67–
solved in 0.5% SDS, incubated for 10 min, then made 1178; the sequence RWGQLKKNKAIK) in the 3*-CON mutant is indicated.
in RIPA buffer (150 mM NaCl, 100 mM Tris, pH 7.4, 0.1%The sequence of the 5*-CON deletion mutant is depicted on the fifth
line. The deletion of 13 aa upstream of the hydrophobic segment in SDS, 1% NP-40, 1% DOC) and saved as the membrane
the 5*-CON mutant is indicated (aa 31–41, the sequence RFSTGLFS- fraction. Wt and mutant forms of the DEN4 C were im-
GKG, plus Leu-43 and Arg-44). mune-precipitated using rabbit antisera to a 15-amino-
acid peptide representing the amino-terminus (previously
described [Markoff, 1989]).
mutants 1706 and 1710 were created by introducing
the appropriate nt sequence changes (see Fig. 8A) In vitro transcription and translation of recombinant
into PCR primers complementary to the 5*-terminus of DNAs
the C nt sequence; each mutagenic primer included
the BspHI cloning site near its 5*-terminus. For PCR Wt and mutant DEN4 cDNAs were cloned downstream
of the T7 RNA polymerase promoter in both the vectorthese mutant primers were paired with the primer for
the wt 3*-terminus of the C nt sequence, containing pTM-1 and the vector pTZ-18U. Prior to transcription, re-
combinant vector DNAs were linearized by digestion ei-the XhoI site. Thus full-length mutant C cDNAs were
generated for cloning. The Met-90/Val substitution mu- ther with XhoI (pTM/C constructs) or with NcoI (pTZ/
subss constructs). Approximately 2 mg linear DNA wastant was created by the converse strategy; the nt muta-
tion was introduced into the primer for the 3*-terminus used as template. Transcription reactions were per-
formed in a 100-ml final volume using T7 RNA polymeraseof the C sequence.
The Met-45/Thr and Arg-54/Met substitution mutations according to the manufacturer’s recommendations (Pro-
mega Corp., Madison, WI). The vector pTM-1 constructswere created by the strategy described above for the
mutations of the hydrophobic domain in C, also taking contained the encephalomyocarditis virus internal ribo-
some entry site (IRES) immediately downstream of theadvantage of the unique NheI site in the DEN4 C nt
sequence. The Arg-54/Met mutation was created using T7 RNA polymerase promoter and DEN4 wt or mutant C
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cDNA inserts downstream of the IRES. Thus pTM/C RNA were resuspended in 20 ml Endo F buffer (50 mM sodium
phosphate buffer, pH 7.0, 5 mM sodium EDTA, 0.5% NP-transcripts included the IRES sequence as well as the
C sequence. NcoI cleaves the 5*-terminus of DEN4 cDNA 40, 1% b-mercaptoethanol), and 2 to 4 ml endoglycosi-
dase F (0.1 to 0.2 units; Boehringer Mannheim Biochemi-at nt 553. ‘‘Nco transcripts’’ of the pTZ/subss constructs
encoded wt or mutant C, the prM signal peptide con- cals) was added. The reaction was incubated for at least
2 hr at 377 prior to electrophoretic analysis of samples.taining a substitution mutation rendering it nonfunctional,
and the amino-terminal 37 aa of prM.
Translation reactions contained 1 to 2 ml of the total Protein electrophoresis
RNA transcription reaction (1 to 3 mg of RNA), 0.5 ml of
Aqueous samples were diluted 1/2 (v/v) with 21 sam-RNasin, 2 ml of canine pancreatic microsomes, 0.5 ml of
ple buffer containing a final concentration of 1 M b-mer-1.0 mM amino acids minus methionine, and 10 to 17.5
captoethanol, or pelleted membranes were dissolved inml of micrococcal-nuclease-treated rabbit reticulocyte ly-
11 sample buffer plus b-mercaptoethanol. Samplessate (reagents obtained from Promega). In addition, all
were heated at 807 for 5 min and loaded on a 16% SDS–translations contained 2.5 ml of [35S]methionine (1000
polyacrylamide gel with a tricine-based buffer systemCi/mmol, 15 mCi/ml; Amersham). Translation was carried
(Schagger and von Jagow, 1987). Gels (1.5 mm thick)out for 1 to 2 hr at 307. Then 25 to 50 ml of ice-cold PBS
were electrophoresed for 1 hr at 60 V and then 10 to 15was added to each reaction on ice, and the total was
hr at 100 to 115 V. Gels were fixed in 40% methanol/10%centrifuged for 5 min at 10K rpm in an Eppendorf micro-
acetic acid and fluorographed, dried, and exposed tocentrifuge at 47 in order to pellet radio-labeled products
Kodak XAR-2 film (Rochester, NY) or analyzed using aassociated with microsomal membranes. Supernatant
Molecular Dynamics phosphorimager.fractions were also saved.
RESULTSElution of proteins from membranes using alkali
The pelleted membrane fraction derived from transla- The flavivirus capsid protein contains a conserved
tion was washed in ice-cold PBS. The pellet was then internal hydrophobic domain
resuspended in 20 ml of 100 mM sodium carbonate, pH
We had previously observed that the mature DEN4 C11.0, and the suspension was incubated for 10 min at
(virion C) appeared to be associated with membranes in47, according to a method previously described (Fujiki et
the results of both in vitro and in vivo experiments (L.al., 1982). Membranes were then centrifuged from sus-
Markoff and C. Winter, unpublished data). Other pub-pension, and both supernatant and pelleted fractions
lished reports have made mention of similar observationswere saved for electrophoretic analysis.
for the West Nile (WN) virus C (Yamshchikov and Com-
pans, 1994) and the yellow fever virus C (Ruiz-Linares,Protease digestion of membrane-associated proteins
1989). In considering a mechanism for this phenomenon,
Pelleted membranes were washed once in ice-cold we first scanned the 99-aa sequence of the DEN4 C in
PBS and resuspended in 50 ml of ice-cold thermolysin search of a hydrophobic segment sufficient in length to
buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.4, 5 mM function as a signal peptide (von Heijne, 1990) capable
CaCl2) either in the presence or in the absence of 0.1% of mediating the integration of the mature C into the ER
Triton X-100 (w/v). Two microliters of a 2 mg/ml solution membrane. In general the C proteins of flaviviruses are
of the protease thermolysin (Boehringer Mannheim Bio- highly positively charged (25 of 99 aa in the DEN4 C are
chemicals, Indianapolis, IN) and 2 ml of a 2 mg/ml solu- positively charged Lys or Arg; only 2 of 99 aa are nega-
tion of the protease trypsin (Sigma Chemicals, St. Louis, tively charged), and the C sequences are not well con-
MO) were added. The samples were then incubated at served among the different species compared to the con-
47 for 60 min, followed by a 60-min incubation at room servation of the sequences of other viral proteins (re-
temperature. EDTA to a concentration of 10 mM and 4 viewed in Chambers et al., 1990). However, we noted the
ml of a cocktail of protease inhibitors (leupeptin 10 mg/ presence of a 21-amino-acid hydrophobic domain in the
ml, aprotinin 1 mg/ml, PMSF 1 mg/ml; all obtained from DEN4 C (Fig. 1; aa 45–65) which is interrupted by a
Sigma Chemicals) were then added to the reaction and single Arg residue (aa 54; shown in large type in Fig. 1).
samples were kept on ice for another 15 min prior to The portion of this domain amino-terminal to Arg-54 (aa
electrophoresis, or membranes were pelleted from sus- 45–53) is composed of 9 hydrophobic amino acids and
pension for deglycosylation of the protease-resistant por- is analogous to the hydrophobic portion of a signal pep-
tion of radiolabeled proteins. tide. The portion carboxy-terminal to Arg-54 (aa 55– 65)
is slightly less hydrophobic and contains two Pro and
Deglycosylation of proteins
one Gly (helix-breaking residues).
Comparison of the DEN4 C sequence to that of thePelleted, washed membranes, directly after translation
or after proteolysis and inactivation of the proteases, other DEN viruses revealed that this domain is structur-
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ally highly conserved among all four serotypes (Fig. 1).
Examination of published sequences of the C proteins
of Japanese encephalitis, WN, Murray Valley encephali-
tis, and St. Louis encephalitis viruses revealed that the
C sequences of these viruses include highly similar hy-
drophobic segments which are shorter in total length
than that found among the DEN viruses (17 aa vs 21 or
22 aa). However, for these viruses, as for the DEN vi-
ruses, the single interrupting Arg (or Lys) residue occurs
at position 10 in the hydrophobic segment, following 9
hydrophobic aa. For yellow fever (YF) virus, the inter-
rupting Arg or Lys residue is not present (replaced by
Leu; underlined in Fig. 1). Thus the YF virus C contains
an uninterrupted 16-aa hydrophobic segment, spanning
aa 43–58.
The conserved hydrophobic segment in the published
C sequences of some of the tick-borne flaviviruses (Lan-
gat, Powassan [POW], and tick-borne encephalitis vi-
ruses) were found to differ significantly from that of the
mosquito-borne viruses described above (Fig. 1). The
segments are shorter in total length than that found in
FIG. 3. Intracellular localization of the DEN4 wt C and mutant dHany of the mosquito-borne viruses (13 aa vs 17 to 22 aa);
proteins. LLC-MK2 cells were infected with the recombinant vacciniahowever, the tick-borne viruses, except POW, have an
virus, vTF7-3, expressing the T7 RNA polymerase (Moss et al., 1990)additional 10-amino-acid hydrophobic domain immedi-
(see Materials and Methods). After 1 hr, cells were transfected with
ately upstream of the depicted segments (not shown in pTM-1 vector DNA or with pTM-1 recombinant plasmid DNAs con-
Fig. 1). The tick-borne virus C sequences contain His, taining the DEN4 wt C or mutant dH nt sequences downstream of the
T7 RNA polymerase promoter nt sequence. Proteins were then labeledrather than Arg or Lys. Conservation of the hydrophobic
with [35S]methionine for 3 hr. Cells were lysed in hypotonic buffer bysegment in C among two or more species of flavivirus
Dounce homogenization, and M and S fractions were derived by high-had previously been noted (see, for example, Chambers
speed centrifugation of post-nuclear supernatants. Wt and mutant C
et al., 1990; Dalgarno et al., 1986). proteins were immune-precipitated from equivalent portions of the M
and S fractions of expressing cells and analyzed by SDS–PAGE. (A)Mutations of the internal hydrophobic domain in the
The gel was exposed for 16 hr. Lanes 1, cells were transfected withDEN4 C
the vector pTM-1 DNA containing no foreign DNA insert, and proteins
Mutants were created to determine the role of the were immune-precipitated with rabbit anti-DEN4C antibodies. Lanes 2,
cells were transfected with pTM/DEN4 wt C recombinant DNA, andinternal hydrophobic domain in the DEN4 C in mediating
proteins were immune-precipitated with rabbit preimmune antisera.the apparent membrane association of virion C (Fig. 2).
Lanes 3, cells were transfected with pTM/DEN4 wt C recombinant DNA,Mutant dH contained a deletion of 18 aa within the seg-
and proteins were immune-precipitated with anti-DEN4C antibodies. (B)
ment spanning aa 45–65, sparing Arg-54, Pro-59, and The same gel was exposed for 7 days. Lanes 1 and lanes 2 are identical
Pro-60. Mutant sH contained five substitutions of hy- to those in A. Lanes 3, cells were transfected with pTM/mutant dH
recombinant DNA, and proteins were immune-precipitated with anti-drophobic aa by hydrophilic aa within the segment span-
DEN4C antibodies (not shown in A). Arrowheads indicate the positionsning aa 45–65 in C, thus disrupting its hydrophobic char-
in the gel of the dH protein in lanes 3, M and S fractions. The 16-acter. Specifically, substitutions were created at posi-
kDa protein in lanes 2, M and S fractions, is the same as that faintly
tions 49 (Phe to Lys), 51 (Thr to Arg), 52 (Phe to Lys), 56 seen in lane 2 M of A and may represent a small amount of nonspecifi-
(Leu to Arg), and 62 (Ala to Arg). Two additional mutations cally recovered wt C protein.
were created to confirm the specificity of the phenotypes
of sH and dH mutants. The 3*-CON mutant contained a of the cytoplasm of expressing cells was determined.
deletion of 12 aa (aa 67– 78; the sequence RWGQLKKNK- The proteins were transiently expressed in monkey kid-
AIK) immediately downstream of Lys-66. The 5*-CON mu- ney cells (see Materials and Methods). Expressing cells
tant contained a deletion of 13 aa upstream of the hy-
were lysed by Dounce homogenization, and radiolabeled
drophobic segment in the DEN4 C; aa 31–41 (the se-
membrane (M) and soluble (S) fractions were derived
quence RFSTGLFSGKG) was deleted along with aa 43
from the cytoplasm by differential centrifugation. Wt and
(Leu) and 44 (Arg), sparing Pro-42.
mutant virion C was immune-precipitated from these
Intracellular localization of wt and mutant dH forms of fractions using an anti-peptide antibody (24) specific for
the DEN4 C the amino-terminal 15 aa of the DEN4 C (Fig. 3). The
pelleted membrane fraction was solubilized in 0.5% SDSThe relative partitioning of the DEN4 wt virion C and
mutant dH (Fig. 2) into membrane and soluble fractions prior to immune precipitation of C constructs in RIPA
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buffer, based on previous results showing that this proce- of the gel (Fig. 4B). Results showed that under optimal
conditions, in the presence of 2 ml membranes, slightlydure was required for immune precipitability of C (L. Mar-
koff and C. Winter, unpublished data). more than 50% of the total radiolabel in C was recovered
in the pelletable or membrane fraction of the reaction.Wt virion C migrated at an apparent molecular weight
of 16 to 18 kDa, compared to its expected actual molecu- (Between 45 and 60% of wt C was recovered in the pel-
letable fraction in different experiments, depending onlar weight of 11.4 kDa (Fig. 3A). The electrophoretic mo-
bility of C was most likely reduced due to its net positive the volume of the reaction in relation to the amount of
microsomes present and on the age and lot of the reticu-charge. More than 50% of wt C was localized to the M
fraction of expressing cells (Fig. 3A, lanes 3, compare M locyte lysate or the microsomes.) In the absence of
added microsomes (Fig. 4A, lane 0), or when membranesand S). A similar proportion of radiolabeled BiP/GRP-78,
a known ER resident protein (reviewed in Doms et al., were disrupted by Triton X-100 after translation (Fig. 4A,
lane 2*), virtually no radiolabeled C was detectable in1993), was localized to the M fraction in the same experi-
ment (data not shown), suggesting some degree of the pelletable fraction. Thus, the amount of intact mem-
branes was a determinant of the pelletability of virion C.cross-contamination between M and S fractions. How-
ever, in contrast to the results for wt C, much less than These results suggested a specific association of C with
membranes.50% of the total immune-precipitable mutant dH polypep-
tide was localized to the M fraction (Fig. 3B, unique bands
in lanes 3 indicated by arrowheads). Thus, wt C appeared Membrane association of virion C requires the
to be associated with the membrane fraction of express- conserved internal hydrophobic domain
ing cells in vivo to a degree comparable to that observed
for a known ER protein, and deletion of the conserved Mutations of the internal hydrophobic domain in virion
C depicted in Fig. 2 were initially cloned into the pTM/wtCinternal hydrophobic domain in virion C substantially re-
duced that association. recombinant DNA for study of their effect on membrane
association of virion C in vitro. However, we found thatSlight differences in migration rate between wt or mu-
tant dH forms of C in the M vs S fractions might have mutant sH and dH virion C proteins were variably unsta-
ble in rabbit reticulocyte lysate, just as the mutant dHbeen due to an alteration in the effective charge on pro-
teins in the M fraction after exposure to 0.5% SDS. In protein appeared unstable in vivo. To create stable mu-
tant polypeptides, we introduced the same set of muta-addition, although the conditions for expression and RIP
were precisely comparable between wt C and mutant tions into pTZ/subss recombinant DNA (Markoff, 1989)
(see also Materials and Methods). The subss mutationdH proteins, a 7-day exposure of the gel was required
to visualize bands representing the mutant dH polypep- (in the prM signal peptide) had previously been shown
to abrogate both translocation and signal-peptidase-me-tide to a level of intensity comparable to that observed
for wt C after only a 16-hr exposure of the same gel. This diated cleavage of the C–prM junction in the context of a
polypeptide containing the DEN4 C, prM, and the amino-suggested that the mutant dH protein was unstable in
vivo or that it was less efficiently immune-precipitated terminus of E. After transcription of pTZ/subss DNAs lin-
earized by digestion with the restriction endonucleasethan wt. Since the anti-peptide antibodies used for RIP
were not likely to be sensitive to conformational differ- NcoI, membrane association of ‘‘Nco polypeptides’’ con-
taining the wt (or mutant) DEN4 C, the subss mutant prMences between wt C and the dH mutant protein, we fa-
vored the former hypothesis. signal peptide, and the amino-terminal 37 aa of the DEN4
prM (Fig. 5, see diagram at bottom) was assessed.
Since the prM signal peptide was nonfunctional, theAssociation of the DEN4 wt C with ER membranes
only hydrophobic domain in the ‘‘wt’’ Nco polypeptidein vitro
(containing the wt virion C moiety) available for mem-
brane integration was the conserved one in virion C. InRNA transcripts encoding wt virion C were translated
in the presence of 0, 1, 2, or 4 ml added canine pancreatic repeated experiments, about 60% of the wt and 3*-CON
Nco polypeptides were associated with the membranemicrosomes as a source of ER. Pelletable (P) and S com-
ponents of the reaction were then analyzed by SDS – fraction after translation (lanes Wt and 3*C, compare P
vs S), a result compatible with that obtained for virion CPAGE (Fig. 4A). C was detected as a protein of 16 to 18
kDa molecular mass, as in the in vivo expression results. alone (Figs. 4A and 4B). Forty to 50% of total radiolabel
in the 5*-CON mutant Nco polypeptide was also pel-Additional radiolabeled proteins of molecular size
greater than 21 kDa, especially detectable in the S frac- letable in the presence of membranes (lanes 5*C). In
contrast, the sH and dH mutations in the Nco polypeptidetions shown in Fig. 4A, were proven to be in vitro-ubiquiti-
nated forms of C proteins, in a separate investigation (C. virtually completely abrogated its association with mem-
branes (lanes sH and dH). Although there was possiblyWinter and L. Markoff, unpublished data).
A precise estimate of the association of wt C with a minor negative effect of the 5*-CON mutation, results
showed that the conserved internal hydrophobic domainmembranes was made by a phosphorimager analysis
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FIG. 4. Intact ER membranes are required for the association of the DEN4 C with the pelletable fraction of the cell-free translation reaction. (A)
RNA transcripts encoding the DEN4 wt C were translated in rabbit reticulocyte lysate in the presence of the indicated amounts of canine pancreatic
microsomes. Next, the reactions were diluted in ice-cold PBS and centrifuged (10 min at 14K rpm). The supernatants (S) were removed, and one-
tenth of the total was applied to the gel. The pellets (P) were washed twice with cold PBS, dissolved in sample buffer, and applied to the gel
(Materials and Methods). Lane 2*, Triton X-100 (0.2% final concentration) was added to the reaction after translation in the presence of 2 ml
microsomes. Arrowheads indicate the positions in the gel of monoubiquitinated forms of the DEN4 C. (B) Results of a phosphorimager analysis of
the gel shown in A. The gel was exposed to a phosphorimaging plate for 48 hr, and total radiolabel in DEN4 C in P and S fractions was determined
for the reactions to which 1, 2, or 4 ml membranes was added. Percentage of radiolabel in the P fraction was calculated according to the formula
Pcpm(1100)/Pcpm / Scpm , where the subscript ‘‘cpm’’ indicates the total radiolabel detected by phosphorimager analysis in the respective fractions.
in the DEN4 C moiety was required for the membrane E* was eluted into the supernatant (S). Accordingly, prM
association of the Nco polypeptide. Differences in the and E* were used as positive and negative controls to
total amounts of the wt and mutant proteins visualized evaluate the membrane association of wt C (Fig. 6). After
in this experiment could be due to differences in the exposure of membranes to pH 11 carbonate, prM and
amounts of RNA added to the translation reactions and/ E* segregated into the P and S fractions, as expected
or to differences in efficiency of translation for the differ- (lanes 1 and 2). Uncleaved prM/E* chimeric molecules
ent constructs. were also detected, almost entirely associated with
membranes in the P fraction (lane 1). Wt C appeared to
Membrane integration of C be at least as tightly associated with membranes as prM
(P vs S, lanes 3 and 4); almost no radiolabeled wt CWe next sought to determine the nature of the associa-
protein was eluted into the S fraction. This showed thattion of the wt virion C with membranes. After translation
C was integrated into the ER membrane or otherwiseof pTM/wtC RNA, membrane-associated radiolabeled
anchored to it and ruled out the possibility that C wasproteins were exposed to pH 11 carbonate buffer. Expo-
free in the ER lumen. It also made it unlikely that Csure to alkaline pH disrupts the structural integrity of the
associated with membranes by an ionic mechanism.ER, releasing soluble intralumenal contents, including
To distinguish among the possible modes of mem-translocated proteins not anchored in the ER membrane,
brane integration of virion C, its sensitivity to proteaseinto the supernatant. Membrane-anchored proteins are
digestion was determined. Initially, Met substitution mu-expected to remain associated with the pelletable mem-
tations were created. The codons for each one of thebrane fraction (Fujiki et al., 1982). In this case, the alka-
three Met residues in virion C downstream of the startline buffer was also likely to neutralize positively charged
codon (Met-14, Met-45, and Met-90) were separatelyresidues in C.
changed to codons for Gly, Thr, and Val, respectivelyWe had previously shown (Markoff et al., 1994) that an
(Fig. 7A). Met-45 is the only Met residue included inin vitro-synthesized DEN4 prM/E* precursor was cleaved
the conserved hydrophobic segment in C. Next, intactin the presence of microsomes to produce apparently
membranes containing radiolabeled wt and Met-substi-authentic prM and E*. (E* refers to the amino-terminal
tution mutant C proteins were exposed to trypsin and260 aa of full-length E, lacking the carboxy-terminal trans-
thermolysin in the presence and absence of nonionicmembrane domain.) Both proteins were associated with
detergent at a concentration sufficient to permeabilizethe membrane fraction after cell-free translation, but after
the ER membrane (Fig. 7B). These proteases possessexposure to pH 11 carbonate, prM remained predomi-
complementary specificities for cleavage after basic resi-nantly with the membrane fraction (P), due to its mem-
brane integration, and the major fraction of anchorless dues and after small hydrophobic residues, respectively.
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were radiolabeled at Met-45, only. Therefore, the analo-
gous 2.5-kDa product of proteolysis of the Met-45/Thr
substitution mutant protein was not visualized, because
it was unlabeled. In the presence of nonionic detergent
(Pr[/]/Det[/], lanes 1–4), the 2.5-kDa fragments were
no longer detectable on the gel, demonstrating that the
proteases were able to reduce the size of the 2.5-kDa
fragments to sizes below the resolving power of the gel
(1 kDa), when membranes were solubilized. These re-
sults suggested that the 2.5-kDa peptide (20 to 24 amino
acids) contained Met-45 and was protected from proteol-
ysis in the absence of detergent by insertion into the
lipid bilayer of the membrane.
This experiment, plus failure of the 5*-CON and 3*-
CON mutations to abrogate membrane association of C,
suggested that the intramembraneous 2.5-kDa fragment
included the 21-amino-acid hydrophobic segment in the
DEN4 C defined by aa 45–65 and may have included a
few additional amino acids up- and/or downstream of
this segment. C appeared to be integrated into the ER
FIG. 5. Membrane association of wt and mutant C proteins. RNA
transcripts encoding wt and mutant Nco polypeptides were translated
in rabbit reticulocyte lysate with added canine pancreatic microsomes.
Membranes were pelleted from the reaction and washed once in ice-
cold PBS to derive the P fraction. The primary supernatant was saved
as the S fraction. Aliquots of the P and S fractions were analyzed by
SDS–PAGE. The ‘‘wt’’ Nco polypeptide is depicted at the bottom. The
horizontal line represents the DEN4 aa sequence. Thickened regions
indicate the conserved internal hydrophobic domain in the DEN4 C (aa
45–65 from the amino-terminus of the polyprotein) and the hydrophobic
prM signal peptide (aa 100–113), respectively. Vertical arrows indicate
the amino-terminus of C, and the amino-terminus of prM after cleavage
by signal peptidase. The site of cleavage of the DEN4 cDNA by the
restriction endonuclease NcoI at aa 150 of the polyprotein (aa 37 in
prM) is also indicated. The X across the region depicting the prM signal
peptide indicates that it contains a substitution mutation previously
shown to abrogate its signal function (Markoff, 1989). Lanes 3*C, the
C moiety in the Nco polypeptide contains the 3*-CON mutation shown
in Fig. 2; lanes sH, C contains the sH mutation; lanes dH, C contains
the dH mutation; lanes Wt, C is wildtype; lanes 5*C, C contains the 5*-
CON mutation. The proteins migrated at apparent molecular weights
of 20 to 23 kDa, depending on the mutation (molecular weight markers
not shown).
In theory their combined activities were sufficient to di-
FIG. 6. Membrane integration of the DEN4 wt virion C protein. RNA
gest any portion of C not protected from proteolysis by transcripts encoding a precursor protein containing the DEN4 prM/E*
integration into the membrane. (the 260-aa amino-terminus of E, lacking the carboxy-terminal trans-
membrane domain in wt E [Markoff et al., 1994]) and the DEN4 wt virionThe [35S]methionine-labeled products of Met-substitu-
C were translated, and pelleted membranes were washed. Pellets weretion mutant C RNA transcripts were similar in size to wt
resuspended in 100 mM sodium carbonate buffer for 10 min at 47, thenC, as expected (Fig. 7B, Pr[0]/Det[0], lanes 1–4). After
repelleted to produce the P fractions shown. The supernatants were
proteolysis, the Met-14/Gly and Met-90/Val substitution saved as the S fractions. Aliquots of P and S fractions were analyzed
mutant and wt proteins were all reduced in size to a by SDS–PAGE. Lanes 1 and 2, products of translation of prM/E* RNA
transcripts. Lanes 3 and 4, products of translation of virion C RNAfragment of about 2.5 kDa (Pr[/]/Det[0], lanes 1, 3, and
transcripts. The positions in the gel of molecular size markers coelec-4). However, no protease-resistant portion of the Met-45/
trophoresed with the samples are indicated on the right. The positionsThr substitution mutant C protein was detectable on the in the gel of previously identified products of in vitro cleavage of the
gel (Pr[/]/Det[0], lane 2). One explanation for this result prM/E* precursor and virion C are indicated on the left. Band X repre-
sents an unidentified product of translation of RNA encoding prM/E*.was that the 2.5-kDa peptides seen in lanes 1, 3, and 4
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FIG. 7. Proteolysis of DEN4 wt virion C and Met-substitution mutants. (A) Met-substitution mutants created in the wt DEN4 C sequence. The
sequence of the DEN4 virion C (aa 1–99 of the polyprotein) is indicated as a horizontal line. The approximate relative position in the C sequence
of the conserved hydrophobic domain (aa 45–65) is indicated as a thicker portion of the line. Met-substitution mutations are depicted in lines 1 to
3 (for ‘‘lanes’’ 1 to 3 in Fig. 7B) using the single-letter aa code. The mutant in lanes 1 of Fig. 7B contained a Met-14/Gly substitution. The mutant in
lanes 2 of Fig. 7B contained a Met-45/Thr substitution. The mutant in lanes 3 of Fig. 7B contained a Met-90/Val substitution. The relative positions
for each of the Met residues in the wt C sequence (aa 1, 14, 45, and 90) are indicated in line 4 (for ‘‘lane’’ 4). Results for wt C are shown in lanes
4 of Fig. 7B. (B) Wt and Met-substitution mutant RNAs were translated, and pelleted membranes were washed. Aliquots of the pelleted membranes
were saved for electrophoresis. The remainder of the pelleted membranes were resuspended in 100 ml of an isotonic buffer containing 5 mM
calcium chloride. The suspension was divided into two aliquots. To one, Triton X-100 was added to a final concentration of 0.1%. Two microliters
each of 2 mg/ml solutions of the proteases thermolysin and trypsin were added to both, and they were incubated for 60 min at 47, followed by 60
min at room temperature. Reactions were terminated by the addition of EDTA and of a mixture of protease inhibitors. Undigested and digested
samples were analyzed by SDS –PAGE. Pr0/Det0, undigested samples. Pr//Det0, protease digestion of samples conducted in the absence of
detergent. Pr//Det/, protease digestion of samples conducted in the presence of detergent. Lanes 1–4, untreated and treated samples derived
from three Met-substitution mutations of the DEN4 virion C and of wt virion C (see Fig. 7A). M, molecular weight markers, identified on the right.
membrane in a U-shaped conformation, such that posi- targeted for mutagenesis, since it represented a con-
served sequence element of unknown function.tively charged amino- and carboxy-termini were accessi-
Initially, two potential N-linked glycosylation sites (Asn-ble to proteases on the cytoplasmic side of the mem-
X-Ser; Bause and Legler, 1981) were introduced withinbrane. The conserved hydrophobic segment in C ap-
the amino-terminus (aa 1–44) of the C sequence (Fig.peared to constitute a membrane anchor domain with
8A), on the assumption that translocation of this segmentproperties of a signal peptide, since it was required both
into the ER lumen could then be detected by its glycosyla-to effect entry into membranes and for anchoring. These
tion. Mutant 1706 contained Pro-11/Gly, Leu-15/Ser, Val-are previously described properties of a signal-anchor
22/Ser, and Pro-25/Gly substitution mutations. The Leu-(SA) domain (Hull et al., 1988; Markoff et al., 1984; Parks
15/Ser and Val-22/Ser mutations resulted in the creationand Lamb, 1991).
of the two potential sites for glycosylation at Asn-14 and
Asn-20, respectively. The Pro-11/Gly and Pro-25/Gly sub-Factors influencing the membrane orientation of C
stitutions were included because of evidence that Pro
We next sought to identify the sequence elements in residues in these positions with respect to the glycosyla-
C that favored the observed membrane orientation over tion sites might inhibit their recognition (Bause, 1983).
more conventional alternative ones. For example, one Mutant 1710 contained all the substitution mutations in-
might have expected either the amino- or the carboxy- troduced into mutant 1706 plus six additional substitution
terminus of C to be translocated into the ER lumen such mutations in which positively charged Arg or Lys resi-
that the conserved hydrophobic segment defined by aa dues within the first 25 aa of the wt sequence (positions
45–65 spanned the membrane (see Hull et al., 1988; 4, 5, 9, 16, 17, and 21) were replaced by uncharged polar
Markoff et al., 1984; Parks and Lamb, 1991). The influ- Gln or Asn residues. Thus, one-half of the total of 12
ence of net positive charge in the amino-terminus of C positively charged residues among aa 1–44 in the wt
(aa 1–44) on its membrane orientation was targeted in sequence was eliminated. Mutant 0675 contained the
this study, because of the evidence that positively same mutations present in mutant 1706, and in addition
charged domains of prokaryotic (Boyd and Beckwith, it contained a substitution of Met for conserved Arg-54
1990; von Heijne, 1989) and eukaryotic (Hartmann et al., (not depicted in Fig. 8A). Mutant 1075 was identical to
1989; Parks and Lamb, 1991) membrane-spanning pro- mutant 1710, plus it also contained the Arg-54/Met sub-
teins tend to be retained on the cytoplasmic side of the stitution.
Glycosylation of wt and mutant constructs was evalu-periplasmic or of the ER membrane. Arg-54 was also
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FIG. 8. Translocation and glycosylation of mutant C proteins. (A) Mutations of the DEN4 virion C containing potential amino-terminal N-linked
glycosylation sites. The wt sequence of aa 1–25 is depicted on the top line, using the single-letter code. The sequence of aa 1–25 in the virion C
mutant constructs 1706 and 0675 is depicted in the second line. The sequence of aa 1–25 in the virion C mutant constructs 1710 and 1075 is
depicted in the third line. Dashed vertical lines indicate the locations of substitution mutations with respect to the wt sequence. Inverted filled
triangles indicate potential glycosylation sites at Asn residues in the mutant sequences. *Mutants 0675 and 1075 contained an Arg-54/Met substitution
mutation, in addition to the mutations depicted. (B) Endoglycosidase F (Endo F) digestion of wt DEN4 virion C and mutants containing potential
sites for N-linked glycosylation in the amino-terminus of C (aa 1–44). RNAs derived from wt and mutant constructs described in A were translated
in the presence of microsomes. Pelleted membranes were solubilized in Endo F buffer and divided into two fractions, one of which was digested
with Endo F (Materials and Methods). Undigested and digested samples were analyzed by SDS–PAGE. eF(0), not digested with Endo F. eF(/),
digested with Endo F.
ated in the in vitro system. After translation in the pres- mono- and diglycosylated forms of mutants 1710 and
1075, respectively. Comparing the results with mutantence of microsomes, membrane-associated proteins
were digested with the enzyme endoglycosidase F to 1706 to those with mutant 0675 and the results with
mutant 1710 to those with mutant 1075 suggested thatremove N-linked carbohydrate, and the sizes of digested
and undigested products were compared (Fig. 8B). As the Arg-54/Met substitution mutation unique to mutants
0675 and 1075 did not have a specific effect on the pro-expected, no size differences were observed between
undigested and digested forms of wt C (lanes 1 and 2), portion of mutant proteins that were glycosylated (com-
pare lanes 3 and 7 to lanes 5 and 9). The net positivesince it contains no potential sites for N-linked glycosyla-
tion. For mutants 1706 and 0675, faint specific bands charge at the amino-terminus of wt C was a determinant
of its membrane orientation; a reduction in positivelywere detected about 3 kDa greater in size than the ungly-
cosylated forms of these proteins (bracketed C/; indi- charged residues in this segment from 12 to 6 was suffi-
cient to effect an alteration in the membrane orientationcated by an asterisk to the left of lanes 3 and 5). After
the proteins were subjected to Endo F digestion, the faint of a significant proportion of product molecules in that
translocation of the amino-terminus appeared to occur.C/ bands were no longer detectable (lanes 4 and 6),
suggesting that a very small proportion of 1706 and 0675 In contrast, the Arg-54/Met substitution mutation did not
have a detectable effect on membrane orientation of themutant proteins were glycosylated. (The expected molec-
ular weight of a single ‘‘mannose-rich’’ carbohydrate moi- mutant C proteins.
Further analysis of the membrane orientation of mutantety added in the ER was 3 kDa.)
For mutants 1710 and 1075 (Fig. 8B; lanes 7 and 9, 1710 and 1075 proteins by the protease-protection assay
supported our assumption that glycosylation correlatedrespectively) major bands were detected representing
the unglycosylated forms of these mutant proteins. Also, with translocation of the amino-terminus of C into the
ER lumen. For the glycosylated species, the conservedfor each of these mutants two additional bands were
easily detectable, with apparent molecular weights 3 and hydrophobic segment in virion C appeared to span the
membrane, judging from the sizes of glycosylated frag-6 kDa greater than the unglycosylated forms of the mu-
tant proteins (bracketed C/; lanes 7 and 9). These higher ments protected from proteolysis (data not shown). Con-
versely, results also showed that unglycosylated mutantmolecular weight proteins were sensitive to endoglycosi-
dase F (lanes 8 and 10), confirming their identity as 1710 and 1075 proteins were anchored on the ‘‘cyto-
AID VY 8608 / 6a39$$$$$3 05-22-97 21:39:38 vira AP: Virology
115MEMBRANE INTEGRATION OF THE DENGUE CAPSID
unpublished data). Others have made observations sug-
gesting that the WN C (Yamshchikov and Compans,
1994) and the YF C (Ruiz-Linares et al., 1989) might be
membrane-associated. The DEN4 virion C is 99 aa in
length and has a net positive charge, due to its content
of 25 Arg or Lys residues and only 2 negatively charged
residues. C also contains a 21-aa internal hydrophobic
domain, spanning aa 45–65 (Fig. 1). Examination of the
C sequences for a wide range of mosquito- and tick-
borne flaviviruses revealed the presence of a similarly
located hydrophobic segment in each. For the mosquito-
borne viruses, the amino-terminal 9 aa of the internal
hydrophobic domain in C fit a model for the hydrophobic
portion of a signal peptide or leader sequence (von
Heijne, 1990).
We examined the potential function of the conserved
hydrophobic domain in the DEN4 C in mediating its mem-
brane integration in vivo, during transient expression, and
in vitro, using rabbit reticulocyte lysate as a medium for
translation with added canine pancreatic microsomal
membranes as a source of ER. Our results showed that
the DEN4 virion C was integrated in membranes suchFIG. 9. Conserved Arg-54 is not required for proper membrane inte-
gration of the DEN4 virion C. RNAs encoding the DEN4 prM/E*, wt that sequences amino- and carboxy-terminal to the hy-
C, and mutants 1706 and 0675 were translated in the presence of drophobic segment defined by aa 45–65 were each pre-
microsomal membranes. Pelleted membranes were resuspended in sented on the cytoplasmic side, a ‘‘hairpin’’ orientation.
ice-cold pH 11 carbonate buffer for 10 min, then recentrifuged for 5
Integration of C was dependent upon the integrity of themin at 14K rpm. Samples were analyzed by SDS–PAGE. P, pellet after
hydrophobic segment specifically. Deletion or substitu-exposure to pH 11 carbonate buffer. S, supernatant fraction after expo-
sure to pH 11 carbonate. The positions of the glycosylated prM/E* tion mutations that destroyed the integrity of this segment
chimera, its in vitro cleavage products, and wt and mutant C constructs prevented membrane integration of C, while control dele-
are indicated on the left. tions of sequences up- or downstream of the hydropho-
bic segment in C had no or very little negative effect
upon its membrane integration. Thus, the conserved hy-plasmic’’ (protease-sensitive) side of membranes, in the
drophobic segment in the DEN4 C fit one functional defi-hairpin orientation of wt C.
nition of an SA domain (Hull et al., 1988; Markoff et al.,We next sought to determine whether the Arg-54/Met
1984; Parks and Lamb, 1991) in that it was required forsubstitution mutation conferred an altered affinity for
entry into membranes and also functioned as a mem-membranes (Fig. 9). Pelleted membranes containing
brane anchor. We speculate that similar segments pres-products of translation of prM/E*, wt C, mutant 1706,
ent in virion C of other flaviviruses perform a similarand mutant 0675 RNA transcripts were briefly exposed
function. Preliminary evidence (L. Zeng and L. Markoff,to pH 11 carbonate buffer and centrifuged to produce P
unpublished data) suggests that a hydrophobic segmentand S fractions. These were analyzed by SDS–PAGE.
in C of sufficient length to function for membrane integra-The expected behavior of prM and anchorless E* (lanes
tion in vitro is required for virus replication in vivo. Thus1 and 2) was already described for Fig. 6. Results with
we speculate that flavivirus morphogenesis may takethe two mutant constructs (lanes 5–8) were indistin-
place entirely at the ER membrane, without a requirementguishable from wt (lanes 3 and 4) and from each other;
for formation of free cytoplasmic nucleocapsids, in con-wt and the two mutant C proteins were similarly tightly
trast to the pathway for alphavirus morphogenesis.associated with the pellet fraction. The Arg-54/Met sub-
The hairpin orientation of C in the membrane was un-stitution mutation present in mutant 0675 did not alter the
usual. We are aware of only one other protein with aefficiency of its membrane integration when compared to
single membrane anchor domain that has been shownits mutant analogue containing Arg-54 (mutant 1706) or
to adopt a similar topology, VIP-21/caveolin (Parton andto wt.
Simons, 1995). This is a caveolar coat protein that is also
found in the trans Golgi network and in both apical andDISCUSSION
basolateral surfaces of exocytic vesicles. Domains
amino- and carboxy-terminal to the 24-aa hydrophobicWe had made the preliminary observation that the
DEN4 virion C appeared to be associated with mem- segment in VIP-21/caveolin are presented on the cyto-
plasmic side of the vesicular membrane or of the plasmabranes both in vivo and in vitro (L. Markoff and C. Winter,
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membrane (Dupree et al., 1993). More usually, integral (the sequence MVLAFITFL) in an aqueous environment
is a-helical. The downstream 12 aa (beginning with Arg-membrane proteins with a single membrane anchor do-
main span the membrane so that either the amino-termi- 54, the sequence RVLSIPPTAGIL) appeared most likely
to form a b-turn followed by a b-sheet and/or coil (R.nus (e.g., the influenza M2 protein [Hull et al., 1988]) or
the carboxy-terminus (e.g., the influenza neuraminidase Venable et al., personal communication). This analysis
suggested that it was not impossible for Arg-54 to lie on[Markoff et al., 1984]) is presented in the ER lumen.
We constructed mutants to test the roles of two se- the lumenal side of the ER membrane, especially if the
first 9 aa exhibit b- rather than a-folding in the lipidquence elements in C in determining its membrane ori-
entation: the conserved positively charged residue (Arg- environment of the membrane, but it favored the alterna-
tive possibility that the entire hydrophobic segment in54 in the DEN4 C) which interrupts the hydrophobic seg-
ment in C of all the mosquito-borne viruses, except YF the DEN4 C is intramembraneous. Thus we speculate
that the much shorter hydrophobic segment in virion Cand the net positive charge in the amino-terminus, up-
stream of the hydrophobic segment. Mutations of Arg-54 of the tick-borne viruses (Fig. 1) has a function analogous
to that in C of the mosquito-borne viruses, if there is nohad no detectable effect on membrane integration or
orientation of C in the membrane. However, a decrease requirement for spanning the entire membrane.
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